The metrological ability of carefully designed probes can be spoilt by the presence of noisy processes occurring during their evolution. The noise is responsible for altering the evolution of the probes in such a way that bear little or no information on the parameter of interest, hence spoiling the signal-to-noise ratio of any possible measurement. Here we show an experiment in which the introduction of an ancilla improves the estimation of an optical phase in the high-noise regime. The advantage is realised by the coherent coupling of the probe and the ancilla at the initialisation and the measurement state, which generate and then select a subset of overall configurations less affected by the noise process.
The metrological ability of carefully designed probes can be spoilt by the presence of noisy processes occurring during their evolution. The noise is responsible for altering the evolution of the probes in such a way that bear little or no information on the parameter of interest, hence spoiling the signal-to-noise ratio of any possible measurement. Here we show an experiment in which the introduction of an ancilla improves the estimation of an optical phase in the high-noise regime. The advantage is realised by the coherent coupling of the probe and the ancilla at the initialisation and the measurement state, which generate and then select a subset of overall configurations less affected by the noise process.
Optimal design of measurements for parameter estimation exploits the selection of the more informative state among the whole possible configuration space of the probe. Such a state is the one most affected by the perturbation imposed by the interaction with the sample. Strategies based on the use of quantum resources take benefit from this to deliver enhanced estimation [1, 2] .
In the absence of noise, the evolution characterised by the parameter establishes the number of resources to be considered: in the common example of phase estimation in the context of quantum optics implementation, we need two optical modes, one acting as a reference, and the other probing the phase. In quantum mechanical terms this means setting the dimensionality of the optimal states, but similar considerations can be drawn in the classical case. The presence of noise effectively enlarges the set of possible configurations, for instance by introducing loss modes [3] [4] [5] [6] [7] [8] [9] : the effect is generally detrimental to the precision of the estimation, and appropriate strategies need to be put in place.
At the same time, it is well known that expanding the configuration space provides more flexibility in measurement design: the first demonstration concerned the implementation of unambiguous discrimination of two non-orthogonal quntum states [10] , and it has since been extended to the realisation of generalised measurements [11] [12] [13] [14] [15] . Furthermore, the approach of introducing ancillary systems can provide advantages in the characterisation of quantum processes [16, 17] , and in the compact design of quantum circuits [18] [19] [20] [21] .
Even though the use of ancillae was motivated by the realisation of generalised measuments, only recently it has been considered under the metrology perspective: we now know that introducing an ancilla is an helpful tool for parameter estimation in the presence of noise [22] , see Fig. 1 . Here we show experimentally how an ancilla-assisted strategy pushes the precision limit in phase estimation, and discuss the nature of origin of this advantage. We used single photons to probe a phase in an environment imposing amplitude damping. We could verify that coupling the polarisation of the photons with their path at both probe initialisation and readout stages resulted in improved precision in the high-noise regime. From the quantum metrology perspective, our findings support and extend previous results [27, 28] that demonstrated how collective measurements offers better performance at handling noise. For classical optics, our results open a new perspective in metrological methods inspired by an analysis of the apparatus at the quantum level [29] [30] [31] [32] .
FIG. 1. Concept of the comparison between measurement strategies.
The standard measurement addresses a single probe state which has undergone a noisy evolution, resulting in a phase uncertainty (upper panel). Introducing a correlated ancilla, and implementing a collective measurement after the evolution gives an improved estimation (lower panel).
Our experimental scheme implements a qubit phase estimation in the presence of amplitude damping (AD) noise by measuring a birefringent optical phase in the presence of controlled noise . We used single photons generated by Spontaneous Parametric DownConversion (SPDC) in a Type-I nonlinear crystal (BBO) with a 3 mm, length pumped with an 80 mW continuous wave 405 nm-wavelenght laser. One of the two correlated photons produced in the SPDC has been sent to the interferometer, the other has been used as a trigger.
The standard procedure consists in preparing these photons in the diagonal |D = 1/ √ 2 (|H + |V ), where H and V are the horizontal and vertical polarisation state of the photon respectively, sending them through the noisy channel and then performing the optimal measurement, identified by optimising arXiv:1707.08792v1 [quant-ph] 27 Jul 2017 the highest Quantum Fisher Information (QFI). Clearly, the precision will be affected by the fact that a number of probe photons will be transferred to a noisy mode that has no coherence with the original modes. This is captured by the QFI which, in the presence of a damping rate η, decreases from the noiseless value 1 to F s = 1 − η [23] . Thus the damping rate η plays the role of noise level. In our experiment we considered a different approach: the initial two-level system was coupled to an ancillary one that in our implementation corresponded to a different degree of freedom of the same photon. It is necessary that such coupling is realised in a coherent fashion; we will comment later on the exact nature of this operation.
FIG. 2. Experimental setup.
A 405 nm CW diode laser undergoes SPDC on a 3mm BBO Type I crystal. One of the two photons produced is used as a trigger, while the other feeds a Sagnac interferometer in which one of the mirrors is replaced by a SLM. The polarisation of the input state is set on |D . The SLM and two of the HWPs at 22.5
• , constituting the AD channel, are used to implement the polarisation-path coupling. A tunable phase mask is applied on the SLM allowing to vary the amount of noise in the channel. A third HWP provides a unitary operation U φ , used to set the phase to be estimated. The polarisation of the output states of the Sagnac are analysed by means a quarter wave plate (QWP), HWP and a PBS. Coincidences between the outputs and the trigger are detected by means of avalanche photodiodes (APD).
For experimental simplicity the ancillary degree of freedom was encoded in the different paths in a Sagnac interferometer, where a Spatial Light Modulator (SLM) replaces one of the mirrors, as schematically depicted in Fig. 2 . Such a scheme allows for the implementation of an AD channel [24] : the H and V polarisation components of the input state are coupled to different paths using a Polarising Beam Splitter (PBS), hence it is possible to simulate a controlled noisy channel by a path-dependent change of the polarisation. Two Half Wave Plates (HWP) and the SLM, which imparts tunable birefringence, implement the polarisation-path coupling. The greyscale image on the SLM is chosen in such a way that each path hits a region corresponding to a different tone. The birefringence is chosen in such a way that the overall transformation leaves the H polarisation unaltered on the clockwise loop; on the counterclockwise loop, a fraction η of the initial V component is rotated to H:
The phase φ to be estimated has been obtained via a unitary transformation U φ = |H H| + e iφ |V V | by means an additional HWP inside the Sagnac interferometer. Once these two loops are back together on the PBS a new polarisation-path coupling occur: the components that have been left unaffected by the channel are coherently recombined with the phase φ on the output Branch 1. The H contribution that originated from the damping emerges separately on Branch 2 (see Fig. 2 ).
The optimal measurement strategy around φ ∼ π consists in projecting the polarisation of the photons on Branch 1 on the right (R) and left (L) circular basis, while the other branch can be analysed in any basis since it carries no information on φ; it is a convenient choice to use the H/V basis. This choice seconds the symmetry of the output state and gives the following outcome probabilities: p It is demonstrated that this measurement achieves the ultimate limit represented by the quantum Cramér-Rao bound (QCRB) for the employed input state; the expression for the corresponding QFI is F a = 2v
, which is always above the single-probe QFI F s [23] .
For phase estimation, we fixed a value for η and collected 50 repetitions of four experimental outcome frequencies corresponding to the four channels in Fig.2 , in coincidence with the trigger photon. For each repetition, data was accumulated for measurement times of 0.1s, corresponding to a coincidence count rate of nearly 2000 events per acquisition; 50 values of φ have then been collected. The variance of this sample, multiplied by the average number of the events, gives the error (∆φ) 2 , which is expected to converge to the ultimate limit established by the QCRB in the limit of a large number of repetitions; numerical simulations of the ideal case have verified that, for the whole range of η, the number of events we collected were sufficient to ensure a behaviour close to the asymptotic. Fig. 3 summarises our results: the measured values of ∆φ are close to the expected trend of the uncertainty as a function of η, demonstrating the advantage of adopting the ancillaassisted strategy in the high-noise regime. At low noise, technical imperfections namely additional noise sources -including non-unit visibility of the interference -prevent to observe any advantage, and make the single-probe strategy more convenient.
The transformations of our device can be interpreted as a series of quantum operations on a two-qubit system, one associated to the polarisation, the other to the interferometric path of the single photon. In our experiment the polarisation qubit acts as the probe, while the path qubit represents the ancilla. The action of the first passage on the PBS is then described in these terms by that of a controlled-Not gate, in which the polarisation acts as the control [25, 26] . The second passage, instead, allows to implement a measurement projecting on entangled states with a second application of the gate. These considerations, which actually informed the proposal of our experiment [23] , clarify the working principle of the protocol at a general level: through the introduction of the ancilla, one engineers the state in such a way that the information on the phase is concentrated in a specific subset of all possible configurations. This subset can be then addressed by a (possibly collective) measurement. The higher signal-to-noise ratio can compensate for the discard of noisy events, and result in an improved QFI.
In our experiment, we can certainly attribute the metrological advantage to the fact that, at the single-particle level, polarisation and path qubits are in a non-separable state. However, the same outcome statistics could be replicated with an attenuated laser, achieving, in principle, a similar improvement of the Fisher information (FI). Indeed, considering polarisationsensitive loss as one of the possible extensions of amplitude damping to infinite dimensions, introducing additional modes in the interferometer aids the estimation even in situations where entanglement does not play a role. The use of the ancillary modes delivers an improved FI, since polarisationpath coupling remains a coherent operation in this regime as well. The absence of entanglement in this regime does not conflict with the previous observations, since coherent states are known to be sub-optimal for lossy interferometry [4] . It remains as yet an open question whether the optimal states would take advantage of entangled ancillas. But, more importantly, one can take inspiration from this feature of coherent states to look for applications and futher developments in the classical regime as well.
We have demonstrated the advantage of ancilla-assisted protocols in a phase estimation experiment run with single photons, and discussed general considerations on the applicability of this ideas beyond this regime, opening to the perspective for looking at this as an appealing method for phase estimation in noisy environments.
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